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ABSTRACT
Ultra-luminous X-ray sources (ULXs) are a class of extra-galactic, point-like, off-
nuclear X-ray sources with X-ray luminosity from ∼ 1039 erg s−1 to 1041 erg s−1.
We investigated the temporal and broadband X-ray spectral properties of the ULX
M81 X–6 using simultaneous Suzaku and NuSTAR observations. To understand the
nature of the source, we searched for pulsating signals from the source using the NuS-
TAR observation. However, we failed to identify any strong pulsating signals from
the source. Alternatively, the broadband spectral modelling with accreting magnetic
neutron star continuum model provides a statistically acceptable fit, and the inferred
spectral parameters and X-ray colours are consistent with other pulsating ULXs. Thus,
our analysis suggests that M81 X–6 is another candidate ULX pulsar.
Key words: accretion, accretion disks – X-rays: binaries – X-rays: individual (M81
X–6)
1 INTRODUCTION
Ultra-luminous X-ray sources (ULXs) are compact, point-
like, non-nuclear X-ray sources in nearby galaxies with an
isotropic X-ray luminosity of ∼ 1039 − 1041 erg s−1 (see
Kaaret et al. 2017, for a recent review). The inferred high
X-ray luminosity of these sources exceeds the Eddington
luminosity for a typical stellar-mass black hole (StMBH)
of 10M⊙. Earlier studies of ULXs spectra with the two-
component phenomenological model, multi-colour disk black
body (MCD; Mitsuda et al. 1984) plus power law (PL),
suggest a cool accretion disk (kTin ∼ 0.1 − 0.3 keV) for
many sources (Miller et al. 2003, 2004). Such a cool disk
interpreted as the supporting evidence for the presence
of massive black holes in ULXs, which are referred to as
intermediate-mass black holes (IMBHs) with a proposed
mass range of 102 − 105M⊙ (Colbert & Mushotzky 1999;
Coleman Miller & Colbert 2004). Follow-up studies failed to
identify any signatures of the sub-Eddington accretion flow
onto the IMBH instead, the highest quality XMM-Newton
observations showed peculiar features, such as soft excess
(below 2 keV) and broad curvature in the 3–10 keV band
(Stobbart et al. 2006). These ubiquitous features identify
ULXs in a new super-Eddington accretion state generally re-
ferred to as ultra-luminous state (Gladstone et al. 2009). In
such accretion state, ULXs can emit with super-Eddington
⋆ E-mail: vjithesh@iucaa.in
rates and thus the majority of them are believed to be
StMBH (MBH < 20M⊙) systems.
One of the important discoveries in this field is
the detection of pulsation from the ULX M82 X–2
(Bachetti et al. 2014), which confirms the presence of neu-
tron star (NS) compact object in the ULX population.
There are five more pulsating ULXs (NGC 7793 P13,
NGC 5907 ULX1, NGC 300 ULX, M51 X–8 and X–7;
Israel et al. 2017a,b; Carpano et al. 2018; Brightman et al.
2018; Rodr´ıguez Castillo et al. 2019) have been identified so
far in external galaxies and these detections further suggest
that such a high luminosity from ULXs can be even powered
by an NS. These studies suggest ULXs as a heterogeneous
class of objects, possibly comprises of StMBHs, IMBHs, and
NS systems, and it makes them an exciting class of sources
in nearby galaxies.
Broadband X-ray spectral properties of ULXs have
studied in detail using simultaneous/quasi-simultaneous
Suzaku or XMM-Newton and NuSTAR observations
(Bachetti et al. 2013; Walton et al. 2013; Rana et al. 2015;
Mukherjee et al. 2015; Walton et al. 2015a, 2017, 2018a).
These broadband studies with NuSTAR demonstrate a clear
cut-off at high energies for many ULXs (Bachetti et al.
2013; Walton et al. 2014; Mukherjee et al. 2015), which was
marginally detected in the limited bandpass of XMM-
Newton observations. In addition, the pure thermal model
description of the X-ray continuum of several ULXs re-
sulted in a hard excess (typically above 10 keV) in the NuS-
c© 2020 The Authors
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TAR data (Walton et al. 2013, 2014; Mukherjee et al. 2015;
Rana et al. 2015; Walton et al. 2015b). Thus, the broad-
band X-ray spectral modelling requires an additional, high-
energy spectral component to explain the observed hard ex-
cess along with thermal models. The hard excess may be
arising from an optically thin, hot Comptonizing corona,
while the emission from the radio jets can also describe the
observed feature (see also Walton et al. 2015b).
Motivated by the discovery of X-ray pulsation from M82
X–2 and other sources, broadband X-ray spectral analysis of
a sample of bright ULXs have been conducted to investigate
the spectral similarity of this population to the known ULX
pulsars (Pintore et al. 2017; Walton et al. 2018b). Adopting
the commonly used spectral model for accreting magnetic
NSs in the Milky Way, Pintore et al. (2017) described broad-
band spectra of most ULXs in their sample. The known ULX
pulsars have the hardest spectrum among other sources in
their sample, while the two ULXs, IC 342 X–1 and Holm-
berg IX X–1, showed the hard spectrum comparable to the
known pulsating ULXs, and suggest that these two sources
are candidate ULX pulsars. The phase-resolved analysis of
NGC 5907 ULX (Walton et al. 2018b) showed that the spec-
tral form of the pulsed emission is similar to the known ULX
pulsars, M82 X-2 and NGC 7793 P13. Moreover, they found
that the total emission at the higher energy is dominated
by the pulsed emission and successfully explained the ob-
served hard excess. Authors further extended their study to
the full sample of ULXs which have the broadband cover-
age and suggested that the majority of them may have an
NS accretor. However, no pulsation has been detected from
many of these ULXs, which may be related to the geometry
of the system, where the relative contribution of the non-
pulsed emission is higher than the pulsed emission. Thus, in
the proposed geometry any pulsations would be diluted and
harder to detect from these sources even in the high-quality
spectrum (Walton et al. 2018b).
M81 X–6 is one of the brightest non-nuclear X-ray
sources in the spiral galaxy Messier 81 (M81 or NGC 3031),
which is at a distance of 3.63Mpc (Freedman et al. 1994).
The source is 3.4 arcmin away from the M81 AGN. M81 X–6,
was discovered by the Einstein observatory as located ap-
proximately 1′ to the south-east of the spiral arm containing
SN1993J, in the 0.2–4 keV band (Fabbiano 1988). The X-
ray flux of M81 X–6 from the high resolution imaging (HRI)
camera and imaging proportional counter (IPC) instruments
on-board Einstein was ∼ 9.5 × 10−13 and ∼ 9.8 × 10−13
erg cm−2 s−1, respectively. This flux has remained remark-
ably steady throughout its observed history with Einstein.
However, there was a marginal indication of intensity vari-
ation in the short time scale of a few minutes. In addition,
the source exhibited an intensity variation by a factor of
∼ 1.6 in the seven Advanced Satellite for Cosmology and As-
trophysics (ASCA) observations that span over three years
(Mizuno et al. 2001).
The ASCA and Chandra spectra of M81 X–6 have
been described better with MCD emission from the
optically-thick standard accretion disk around black hole
(Makishima et al. 2000; Mizuno et al. 2001; Swartz et al.
2003). The inferred temperature from the model fit was
high (kTin ∼ 1.0 − 1.5 keV) for a massive black hole (BH)
and suggested to host a rapidly spinning BH. XMM-Newton
spectrum of the source fitted with relativistic disk models
such as kerrbb and bhspec suggests that the source can
harbour a black hole with a mass range of 33 − 85M⊙ and
accrete close to the Eddington limit (Hui & Krolik 2008).
Moreover, the spin value obtained from this study is con-
sistent with a maximally spinning BH with a high inclina-
tion angle. The broadband X-ray spectral study of M81 X–
6 with XMM-Newton and Suzaku observations showed the
spectral downturn near ∼ 3 keV (Dewangan et al. 2013),
which is consistent with the high-energy spectral curva-
ture found earlier with the limited X-ray (0.3–10 keV) en-
ergy band (Dewangan et al. 2006; Stobbart et al. 2006). Re-
cently, Jithesh & Misra (2018) studied the long-term spec-
tral variability of M81 X–6 using Suzaku and XMM-Newton
observations conducted during the period 2001–2015. They
fitted the spectra mainly with the general relativistic accre-
tion disk (kerrbb) plus a power law component and investi-
gated the variability. The source exhibited spectral variabil-
ity which is mainly driven by the accretion rate and showed
different spectral shapes during these observations.
In this work, we make use of the availability of un-
published broadband X-ray data of the ULX M81 X–6 ob-
tained simultaneously with NuSTAR (Harrison et al. 2013)
and Suzaku (Mitsuda et al. 2007) satellites in 2015. We car-
ried out the temporal and spectral analysis of the source to
understand the nature and broadband X-ray spectral prop-
erties. In section 2, observations and data reduction are de-
scribed. The analysis and results are presented in section 3
and in section 4 we discuss and conclude our results.
2 OBSERVATIONS AND DATA REDUCTION
We used simultaneous Suzaku (Observation ID: 710017010)
and NuSTAR (Observation ID: 60101049002) observations
of the ULX M81 X–6 performed on 2015 May 18 for an
exposure time of 97 and 209 ks, respectively.
2.1 Suzaku
We processed the unfiltered Suzaku data with aepipeline
available with heasoft version 6.22.1. We extracted the
source (R.A. = 09:55:32.9, decl. = +69:00:33.3, equinox
J2000.0; Gladstone et al. 2009) events from a circular region
of radius 80 arcsec, while the two background events were
extracted from a circular source-free region of radius 110 arc-
sec. The high-level science products such as source and back-
ground spectra, ancillary response file, response matrix file,
and light curves were generated from XIS0, XIS1 and XIS3
detectors using the standard tools available in xselect. The
XIS0 and XIS3 are the front-illuminated (FI) CCDs and
their spectra were co-added using the tool addascaspec. In
the Suzaku XIS FI spectrum, we exclude the energy range
1.7–2 keV due to calibration uncertainties. Suzaku detectors
experienced an increased charge leakage in many segments
of XIS0 after 2015 March 111. This anomaly resulted in the
saturation of telemetry, which needs to be removed from
the observed data. Since the Suzaku observation used for
this analysis is conducted after the above-mentioned date,
1 http://www.astro.isas.jaxa.jp/suzaku/doc/suzakumemo/
suzaku_memo_2015-05.pdf
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we followed the recipe2 provided by the instrument team to
remove the saturated telemetry data.
2.2 NuSTAR
The NuSTAR observation was reduced with the NuSTAR
Data Analysis Software (nustardas) Version 1.9.3. We ob-
tained cleaned event files by applying standard corrections
with the nupipeline task and NuSTAR CALDB version
20171002. The source and background spectra were ex-
tracted from circular regions of radius 60′′. We analyse the
high level science products with the help of heasoft tools
such as xselect and xspec. The source spectrum is then
grouped in such a way that a bin contains at least 50 counts.
All these steps are done for both focal plane modules (FPMA
and FPMB) data separately. Spectra from both the modules
fit jointly, without combining them.
3 ANALYSIS AND RESULTS
3.1 Temporal Analysis
We searched for pulsations in the NuSTAR observation of
the source. We have applied the barycentric correction to
the NuSTAR event files using the barycorr tool available
in ftools. To search for pulsations from the source, we ex-
tracted the light curve with a bin size of 0.01 s and performed
an epoch folding (Leahy et al. 1983) test. We employed these
tasks through python by using the HENDRICS software pack-
age (Bachetti 2015; Huppenkothen et al. 2019). The HEN-
DRICS
3 software package, formerly called MaLTPyNT, builds
upon stingray. It provides an accurate timing and spectral
analysis of X-ray observations, especially for the NuSTAR
data. The HENDRICS package accurately treats the data gaps
in the observation due to Earth occultation or South At-
lantic Anomaly and dead time in the NuSTAR detectors.
We searched for the periodic signal in the 0.01–0.1 Hz, 0.1–
1Hz and 1–50Hz frequency range using the HENefsearch
tool. However, we did not find any strong signals in these
frequency ranges.
In order to search for the longer period modulation,
we extracted the background-subtracted light curves with
different bin sizes, one such light curve with a time bin
size of 600 s is shown in Figure 1. We used the Generalised
Lomb−Scargle periodogram (GLS; Zechmeister & Ku¨rster
2009) and did not find any strong modulation. However, we
found a maximum power of 8.4 at ∼ 2681s (see Figure 2),
which is not statistically significant (just above 95 per cent
level). We also used the efold tool that creates the folded
light curve using the period obtained from GLS. The light
curve folded to the period obtained from GLS is shown in
Figure 3.
3.2 Broadband Spectral Analysis
We performed broadband X-ray spectral modelling using
the Suzaku XIS FI spectrum, NuSTAR FPMA and FPMB
2 http://www.astro.isas.jaxa.jp/suzaku/analysis/xis/
xis0_area_discriminaion3/Rejecting_TLMsaturation.pdf
3 https://hendrics.readthedocs.io/en/master/index.html
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Figure 1. The background subtracted NuSTAR FPMA light
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simultaneously in the 0.6–20 keV energy band. The back-
ground is dominating above 20 keV in the NuSTAR spec-
trum. Thus, we restricted our analysis up to 20 keV energy
in the NuSTAR spectrum. The X-ray spectral fitting was
performed with xspec version 12.9.1p (Arnaud 1996) and
all errors are quoted at 90% confidence level.
The broadband spectrum initially fitted with single-
component models such as multi-colour disk black body
(diskbb), power law, and cut-off power law (cutoffpl) in
xspec. Among them, diskbb failed to explain the observed
broadband spectrum, where χ2/d.o.f = 1693.2/358. But the
simple PL model improved the fit drastically compared to
the diskbb (∆χ2 ∼ 1286) with PL index Γ = 2.22 ± 0.04
and χ2/d.o.f = 407.2/358. We incorporated the absorption
in these models by two multiplicative absorption compo-
nents (tbabs in xspec; Wilms et al. 2000). The first com-
ponent describes the Galactic absorption toward the direc-
tion of the source and fixed at NH,Gal = 5.57 × 10
20 cm−2
(Kalberla et al. 2005), while the second component explains
the absorption local to the source and considered as a free
parameter. We then replaced the simple PL model with cut-
off PL which again improved the fit by ∆χ2 ∼ 67 with one
degree of freedom compared to the simple PL. The obtained
cut-off energy ∼ 12.2 keV and the photon index is 1.80+0.09−0.10 .
We have also attempted the two-component model,
namely a combination of a disk component and a PL, for
the broadband spectrum. This model provides an improved
fit with χ2/d.o.f = 344.9/356, over single-component mod-
els such as diskbb and simple PL, with Γ = 2.26+0.10−0.08 and
kTin = 2.07
+0.38
−0.34 keV. Many highest quality ULXs spectra
showed a soft excess and broad curvature in the limited 0.3–
10 keV band (Stobbart et al. 2006; Gladstone et al. 2009).
Such spectra are often modelled by disk plus Comptoniza-
tion models. We replaced the PL with the Comptonization
model, compTT. CompTT (Titarchuk 1994) model describes the
thermal Comptonization, where the seed photons for Comp-
tonization are provided by the accretion disk. Thus, the in-
ner disk temperature and seed photon temperature are tied
and varied together in the analysis. The best-fit parame-
ters yielded from this model fit are: kTin = 0.12
+0.19
−0.04 keV,
with kTe = 4.10
+1.22
−0.62 keV and optical depth of 4.11
+0.61
−0.75 .
In addition, this model provides a marginally improved fit
compared to the disk plus PL model fit (∆χ2 ∼ 4.5) and the
obtained plasma temperature is higher than the typical val-
ues obtained in the case of other ULXs (Vierdayanti et al.
2010; Pintore & Zampieri 2012; Pintore et al. 2014).
A handful of sources have been identified as pulsat-
ing ULXs (ULPs) in nearby galaxies (Fu¨rst et al. 2016;
Israel et al. 2017a,b; Carpano et al. 2018; Brightman et al.
2018; Rodr´ıguez Castillo et al. 2019). The broadband spec-
tral properties of a large sample of ULXs, including ULPs,
have been studied using simultaneous XMM-Newton and
NuSTAR observations (Pintore et al. 2017). Pintore et al.
(2017) used “pulsator-like” model (bbody + highecut ×
PL) to describe ULPs and then compared obtained param-
eters with non-pulsating ULXs. The source, which we con-
sidered in this work is not included in their sample. Thus
for M81 X–6, we attempted the “pulsator-like” model as
well as the “pulsator-like” model without blackbody com-
ponent. In this spectral modelling, there is no significant
difference in the model fit between the “pulsator-like”model
(χ2/dof = 338.7/354) and “pulsator-like” model without
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Figure 4. Broadband X-ray spectrum of M81 X–6 fitted with
the “pulsator-like” (bbody+highecut×PL) model. The bbody and
PL components are also marked.
black body component (χ2/dof = 339.0/356) and yielded
parameters are provided in Table 1. The spectral fit with the
“pulsator-like” model is shown in Figure 4. We also derived
the flux (using the convolution model cflux) in the 2–4 keV,
4–6 keV and 6–30 keV (here we extended the high-energy
range to 30 keV using the energies command in xspec)
using the “pulsator-like” model. The hardness is defined as
the ratio of flux in the 6–30 keV and 4–6 keV band, while
the softness is defined as the ratio of flux in the 2–4 keV and
4–6 keV band. The derived hardness and softness values of
M81 X-6 are 2.39 ± 0.18 and 1.81± 0.11, respectively.
4 DISCUSSION AND CONCLUSION
In this work, we performed the temporal and broadband X-
ray spectral studies of ULX M81 X–6 using simultaneous
Suzaku and NuSTAR observations in the 0.6–20 keV en-
ergy band. We investigated the temporal properties of the
source using the NuSTAR observation. To search for pulsa-
tions from M81 X–6, we used the HENDRICS software package
which properly considers the dead time of the detectors and
data gaps in the observation. However, we failed to identify
any strong pulsation from the source. The search for the
longer period modulation provides a signal at ∼ 2681 s with
low significance (∼ 95%).
Alternatively, the pulsating nature of M81 X–6 can be
investigated by the spectral modelling of the broadband
spectrum. Using the broadband coverage of XMM-Newton
and NuSTAR, Pintore et al. (2017) studied a sample of
12 ULXs to compare broadband X-ray spectral properties
of ULPs, using the “pulsator-like” model, with other non-
pulsating ULXs and searched potential ULP candidates. The
two known ULPs (NGC 7793 P13 and NGC 5907 ULX1)
have the hardest spectra (hardness > 2.0 and softness < 1.5;
located in the lower-right corner of Figure 2 of Pintore et al.
2017) among the other ULXs in the colour-colour diagram,
while the two non-pulsating ULXs (IC342 X–1 and Holm-
berg IX X–1) have X-ray colours similar to those of known
ULPs. Thus, the authors suggest that IC342 X–1 and Holm-
berg IX X–1 are potential candidates for searching pulsa-
tions. We implemented the “pulsator-like”model to describe
the observed broadband X-ray spectrum of M81 X–6 and
MNRAS 000, 1–6 (2020)
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Table 1. Broadband X-ray Spectral modelling of M81 X–6 with the “pulsator-like”model. (1) Model used for spectral fitting, Model 1:
bbody+highecut×PL, Model 2: highecut×PL; (2) neutral hydrogen column density in units of 1022 cm−2; (3) black body temperature in
keV; (4) cut-off energy in keV; (5) e-folding energy in keV; (6) PL index; (7) χ2 statistics and degrees of freedom; (8) unabsorbed X-ray
luminosity (0.6–20 keV band) in 1039erg s−1, calculated by assuming a distance of 3.63Mpc (Freedman et al. 1994).
Model NH kTbb Ec Efold Γ χ
2/d.o.f LX
(1022cm−2) (keV) (keV) (keV) (1039erg s−1)
Model 1 0.03+0.09
−0.03 0.50
+0.33
−0.38 4.94
+3.44
−4.94 13.17
+11.60
−3.17 1.83
+0.29
−0.27 338.7/354 3.52
+0.35
−0.22
Model 2 0.07+0.03
−0.04 − 1.97
+1.30
−1.97 13.19
+4.60
−3.05 1.84
+0.13
−0.13 339.0/356 3.61
+0.19
−0.19
yielded spectral parameters that are consistent with ULPs
and potential ULP candidates. Moreover, the X-ray colours
obtained for M81 X-6 are consistent with the values obtained
for ULPs and ULP candidates. Thus, these results suggest
that M81 X-6 is another candidate NS ULX.
Walton et al. (2018b) studied the full sample of ULXs to
explore the spectral similarity between the known ULX pul-
sars and unknown ULXs using broadband observations and
explained the favourable condition, i.e., the pulsed emission
should dominate in the total emission, for the detection of
pulsation from ULXs. In their work, they fitted broadband
X-ray spectra with thick and thin accretion disk models and
found that the hard excess is present in most of the ULXs.
However, the pulsed emission (hard excess) is relatively less
compared to the non-pulsed emission (from the accretion
flow) in many ULXs they have studied. We tested this sce-
nario by fitting the 0.6–20 keV spectrum of M81 X–6 by
MCD and slim disk (diskpbb) models, and do not see such
a hard excess in high energies. Since the pulse emission typi-
cally dominated in high energies, the absence of hard excess
may be the plausible explanation for the non-detection of
pulsation from M81 X–6.
It is interesting to note that the earlier broadband
study of M81 X–6 with Suzaku and XMM-Newton obser-
vations reported a cut-off at ∼ 2.8 keV with photon index
of ∼ 0.6 and a negligible contribution at high energies in
Suzaku HXD/PIN (Dewangan et al. 2013). However, with
the broadband coverage of NuSTAR, we observed the hard
X-ray emission from M81 X–6 at least up to 20 keV and
the cut-off energy yielded from the model is ∼ 12 keV with
PL index of 1.8. The obtained results are different from
the previous study and suggest that the source is varied
considerably between observations. This is further consis-
tent with the long-term spectral variability of M81 X–6
(Jithesh & Misra 2018).
In summary, we investigated the nature and broadband
properties of ULX M81 X–6 using simultaneous Suzaku and
NuSTAR observations. We failed to identify any strong pul-
sating signals from the source, however, the broadband spec-
tral modelling with accreting magnetic NS continuum model
provides a statistically acceptable fit. The derived spectral
parameters and X-ray colours are consistent with other pul-
sating ULXs and potential ULP candidates, suggest that
M81 X–6 is another candidate for pulsating ULXs. The fu-
ture simultaneous deep observations with XMM-Newton and
NuSTAR can shed further light on the pulsating nature of
the source.
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